Background: For regulatory approval of pesticides in the EU, an ecotoxicological risk assessment has to be conducted including an assessment of long-term effects on mammals. For this assessment, toxicity studies are considered which are conducted with rodents which are continuously exposed via diet over a long period. A typical observation in these studies is a reduction of body weight. Such reductions are generally more pronounced at the end of a study and are often used to derive an endpoint for the wild mammal long-term risk assessment. However, exposure in the field is rather short for most modern pesticides. Therefore, the change of the magnitude of effects over exposure time may be relevant to obtain a realistic view of effects expected in the field.
Background
For regulatory approval of pesticides in the EU, an ecotoxicological risk assessment has to be conducted, which includes an assessment of long-term effects on mammals. For this assessment, a number of toxicity studies with rodents (conducted in order to determine safety to humans) are considered to determine the potential longterm toxicity of pesticides to wild mammals [3] . One key study here is the rat multi-generation reproduction study, conducted according to OECD Test Guideline 416 [8] .
In that study, the animals are treated for 10 weeks in the so-called "pre-mating phase" before the actual reproduction phase is initiated. Also in other potentially relevant studies (e.g., the 90-day study following OECD 408, or the chronic study following OECD 452/453), the animals are continuously exposed via diet over a long period. At higher doses, a typical observation in many of these studies is a reduction of body weight, which is generally more pronounced at the end of a study. At present, the maximum reduction of body weight observed at the end of studies is usually used to estimate an endpoint for use in determining potential risk to wild mammals. However, since body weight reduction is generally most pronounced at the end of such studies, the question arises to what extent exposure duration determines the strength of effect and how this might be of relevance for the risk assessment. This is of particular importance, since the exposure in the field is rather short for most pesticides (according to EFSA [3] , a default DT 50 of 10 days is considered as a worst case, with calculation of a weighted average concentration over 21 days). Hence, the change of the magnitude of effects over exposure time may be relevant to obtain a realistic view of effects expected in the field.
The principle that sublethal effects typically become stronger with exposure time is a general phenomenon that has previously been described in rodents for pesticides, pharmaceuticals and heavy metals [6, 7, 9, 13] . Furthermore, mortality has been shown to depend on exposure time as well (e.g. [14] ) and an exposure time dependence of toxicity has also been described for aquatic organisms (e.g. [2, 10, 12] ). Hence, the exposure time dependence is an important and so far often neglected aspect of the regulatory ecotoxicological risk assessment, in particular for the long-term assessment. A systematic, comprehensive analysis of the time dependence of long-term toxicity, including a large number of substances and several time points has not been conducted previously. Therefore, a meta-analysis was performed considering 37 long-term toxicity studies conducted on rats with 13 different pesticidal substances. As an example, the parameter female body weight was considered and benchmark doses (BMD 10 ; estimation of the dose which causes 10% effect based on dose-response data) were calculated. A Benchmark response of 10% was selected, corresponding to the EC 10 currently required in the EU regulation. Benchmark dose calculations were conducted according to the report of the EFSA Scientific Committee [4] .
Materials and methods

Data description
Long-term toxicity studies on rats were collected for 13 pesticides (Table 1 ). To increase the scope and robustness of the evaluation, the analysis included not only multigeneration reproduction studies, but also studies for testing sub-chronic oral toxicity, chronic oral toxicity (partly including carcinogenicity testing) and sub-chronic neurotoxicity, which all include a similar test design; i.e. start with young adult rats which are continuously administered the test substance via the diet. Therefore, due to the similar test design, the data from the initial 10 weeks from all these study types were used for further analysis where available. Only those substances were selected which caused a dose-dependent decrease of at least 10-20% in female body weight (female body weight was considered because females are more relevant for wild mammal population growth than males). Substances were only included when at least two suitable studies per substance were available. The maximum was four suitable studies for one substance.
Furthermore, substances were chosen to represent a variety of modes of action classes and pesticide classes (fungicides, herbicides and insecticides). Five of the selected substances were herbicides (HRAC codes: B, C1, C3, K1), four were fungicides (FRAC codes: E2, G2 and "multi-site contact activity") and four were insecticides (IRAC codes: 1A, 4A, 9B, 21A, see Table 1) . From these toxicity studies, the female body weight data at days 14, 21, 28, 42 and 70 (± 2 days) were selected. The achieved doses were calculated for the period from study start until the respective day of body weight measurement. The data from all studies for a substance were pooled for BMD analysis using the relative body weight of each dose group (normalized to % of the body weight of the respective concurrent control).
Selection of the benchmark response (BMR)
The data considered here were provided as continuous data for groups of animals. The default BMR as proposed by EFSA Scientific Committee [4] for continuous data is 5% (change of mean response). However, according to Commission Regulation (EU) No 283/2013 [1] , the EC 10 and EC 20 are relevant endpoints for the ecotoxicological risk assessment; in addition, the EC 5 can often not be reliably estimated since it is very near to the No Effect Level. Therefore, the BMD 10 and BMD 20 were considered relevant for this analysis. A first review of the data revealed that the 20% effect level is rarely reached in any of the studies; therefore, BMD 20 could not be reliably estimated and as a consequence, it was decided to focus on a benchmark response (BMR) of 10% effect level (BMD 10 ).
Software
Benchmark dose (BMD) calculations were performed according to EFSA Scientific Committee [4] using the R library PROAST (version 62.10), developed by the National Institute for Public Health and the Environment (RIVM) of the Netherlands.
Selection of dose-response models
According to EFSA Scientific Committee [4] , different dose-response models are tested to find all plausible BMD values. The models recommended by EFSA Scientific Committee [4] for continuous data are the 3-parameter model (called Model 3 in PROAST) and the 4-parameter model (called Model 5 in PROAST) of the Hill and the Exponential family. Additionally, the Nullmodel and the Full-model should be fitted.
The Model 5 (4-parameter model) was not used in this analysis because a preliminary evaluation has shown that fits with this model often resulted in very unrealistic dose-response curves [5] . For example, for one substance (fungicide) the fit for day 14 indicates that the maximum benchmark response (BMR) is only about 10% (Fig. 1a) . This is biologically not reasonable, since reduction of body weight can be considerably larger than 10%, i.e. there is no natural limit of body weight reduction at this level. This can be seen from the results for other substances. There will rather be a cut-off due to mortality when body weight decreased by a much greater amount. Therefore, for endpoints such as body weight, it is not suitable to consider all available models, but to select the biologically reasonable ones (see Fig. 1b ).
Calculation of confidence intervals
BMD and the lower (BMDL) and upper (BMDU) confidence intervals are calculated for all models. The BMD/ BMDL/BMDU analysis results in a range of BMD and BMDL/BMDU values. To establish the BMD confidence interval and BMDL for the dose-response dataset of the endpoint female body weight, the process described by EFSA Scientific Committee [4] was followed.
Handling of alerts
An 'alert' occurs when the Akaike information criterion (AIC) of the selected model differs by more than two units from the AIC of the full model. If an alert occurred, it was evaluated whether the difference between the AICs was only minor (e.g. up to three units) or not, and the fit was visually checked. If the difference of the AICs was only minor and the visual fit was acceptable, then the fit and BMD calculations were accepted. Otherwise, if several data points did not match the fit, it was checked if they were derived from the same study or not. If such systematic deviations of responses from the fit occurred, then the BMD calculation was conducted using the variable 'study code' as covariate, to identify if the study differed from the other studies. If one study differed from other studies, it was excluded from the analysis. If deviations of responses were not systematic, i.e. were not caused by one single study, then it was decided by visual inspection if the fit was acceptable or if any data points should be excluded (after evaluating the study reports for any reasons of the deviation in responses).
Results
Benchmark doses (BMD 10 ) and their confidence limits (lower limit BMDL 10 , upper limit BMDU 10 ) were calculated from body weight changes in female rats observed in 37 long-term toxicity studies conducted with 13 different active substances.
Overall, all BMD 10 values (and confidence intervals) for all pesticide classes (fungicides, herbicides and insecticides) declined over time (Fig. 2) . To further analyze the time dependency of body weight effects after exposure to pesticides, the BMD 10 values for days 21, 28, 42 and 70 were compared to the 14-day BMD 10 (which was the earliest time point at which the BMD 10 was calculated in this analysis), i.e. the BMD 10 at days 21, 28, 42 and 70 was related to the weight at day 14 (which was set to 100%). The results were similar for all pesticide classes and were, therefore, summarized (Fig. 3) .
Discussion
After 70 days of exposure, the BMD 10 decreased to about half of the value calculated for 14 exposure days. This is a relevant finding for the wild mammal risk assessment, since it indicates that animals respond to pesticide exposure in a clear time-dependent way, showing less pronounced body weight effects when the duration of exposure is short. The strongest body weight effects are usually observed at the end of toxicity studies, while the default time period relevant for the long-term risk assessment is much shorter than the duration of a study. In a typical two-generation rat reproduction study, the females may continuously be exposed for up to 4 months. Long-term risk assessments are usually conducted considering a default exposure period of 21 days. Thus, there is a marked discrepancy when using endpoints based on maximum body weight effects for the risk assessment. For example, the BMD 10 at day 21 was 158%, 182% and 145% of the BMD 10 at day 70 for fungicides, herbicides and insecticides, respectively (Table 2) . Therefore, using endpoints determined after 70 days of exposure adds a considerable additional margin of safety to the risk assessment. To obtain a more realistic view, an endpoint should be selected which reflects the actual exposure window under field conditions (e.g. 21 days).
Overall, in this meta-analysis, effects increased continuously over time for all pesticide classes (Table 2 ) and the use of an endpoint which is based on the final body weight reduction provides an overly conservative worst case in the risk assessment. Instead, calculation of the toxicity endpoint for the time period that is relevant for the risk assessment (i.e. the actual exposure time) would provide a more realistic scenario.
In toxicological studies, which are used for ecological risk assessment, the duration of exposure is fixed and not adjusted to the expected exposure duration in the field. However, time dependency is a typical feature of toxicity: the longer the exposure, the greater are the effects (e.g. [11, 14] ). This time dependency of toxicity is so far not considered in the ecotoxicological risk assessment. The factor time is rather described as a constant, such as acute, sub-chronic or chronic. For the chronic human consumer risk assessment, the exposure time may not be of high relevance, since consumer exposure is continuous and fairly constant in magnitude, because consumers may eat freshly harvested foodstuff which will always carry similar residue levels. However, for animals in the field, exposure differs fundamentally from consumer exposure, since animals living in a crop are exposed at or shortly after application of a pesticide. Hence, the exposure scenario in chronic toxicity studies (with continuous exposure over months) differs greatly from exposure patterns in the field. This discrepancy is currently not yet addressed explicitly in the ecotoxicological risk assessment. Such an assessment can be done readily, since the information on exposure time and related effects are generally well described in the toxicity studies. In the present meta-analysis, covering 13 pesticides, we found that effects were clearly time dependent. This meta-analysis, which focused on female body weight as a commonly affected endpoint in chronic toxicity studies, is the first focusing explicitly on the time dependence of chronic effects over several substances. However, studies on specific substances (pesticides, pharmaceuticals, heavy metals) already indicated a correlation of the strength of effects and the exposure time [6, 7, 9, 10, [13] [14] [15] .
In terms of the ecological risk assessment, the time dependency of effects indicated that the use of effects at the end of a chronic toxicity study (e.g. the final body weight reduction) as endpoint provides an overly conservative worst case for the risk assessment. For example, considering a multi-generation rat study, female bodyweight at the end of lactation may represent effects observed after about 3-4 months of continuous exposure. The realism of the ecotoxicological risk assessment might, therefore, be increased by taking the time dependency of such a toxicological effect into account and choosing an endpoint which reflects the actual exposure duration in the field. This would not necessarily mean that the risk assessment is less protective than it is when choosing an endpoint at the end of a study. On the contrary, one might find that the most relevant effect (e.g. body weight, litter size, etc.) is not the one observed at the end of a study, but another one, which may not be the strongest one at the end of the study, but the strongest during the actual exposure period in the field (e.g. 3 weeks, as assumed by default by EFSA [3] ). Hence, considering the actual exposure period for selection of the endpoint for the ecotoxicological risk assessment would reduce uncertainty and increase realism.
Conclusions
The BMD 10 values for all pesticide classes (i.e. fungicides, herbicides and insecticides) decreased continuously with increasing exposure time. This indicates that animals respond to pesticide exposure in a timedependent way, showing less pronounced effects when exposure is short. With increasing duration of exposure to a substance, animals show greater body weight effects.
In the long-term ecotoxicological risk assessment, a time window of 21 days to calculate exposure is considered as a default [3] . However, the present analysis has shown that the BMD 10 for this exposure time is always much higher than after 70 days of exposure. Therefore, the use of an endpoint which is based on the final body weight reduction observed in a toxicity study provides an overly conservative worst case in the risk assessment. Instead, calculation of the toxicity endpoint for the time period that is relevant for the risk assessment (exposure time) would provide a realistic worst-case scenario. 
